With the completion of the Aspergillus fumigatus genome it is now possible to study protein regulation on a global scale. One of the most suitable protein separation techniques is based on 2D-gel electrophoresis, which allows the separation of proteins based on their charge and size in a gel matrix. In addition, gel-free proteomics techniques based on liquid-chromatography coupled with mass spectrometry have gained importance. With the application of proteomic tools a comprehensive overview about the proteins of A. fumigatus present or induced during environmental changes and stress conditions can be obtained. For A. fumigatus, several proteomic studies have already been published including the response of the fungus to oxidative stress that induced the up-regulation of many proteins including catalases and thioredoxin peroxidase. Since many of the identified proteins/genes were apparently regulated by a putative Saccharomyces cerevisiae Yap1 homolog, the corresponding gene of A. fumigatus was identified, designated Afyap1 and further characterized. In addition, some of the gene products expressed under stress conditions are also known fungal antigens, such as the thioredoxin peroxidase AspF3. Thus, besides pathogenicity studies, proteomics also delivers the tools to screen for new antigens which could improve the diagnosis of diseases caused by A. fumigatus.
Introduction
The word proteomics was invented in the mid-1990s and is defined as the study of the 'protein complement of the genome' [1] . Proteomic studies were initially represented by quantitative 2D-polyacrylamide gel electrophoresis (2D-PAGE) with a subsequent identification of the proteins by Edman-degradation or mass spectrometry analysis (reviewed in [2] ). Nowadays, a lot of 'gel-free' methods have been established based on coupling of liquid chromatography with mass spectrometry [3] . Today, the term proteomics covers all kinds of studies on global changes of the protein pattern within a cell or tissue (expression proteomics), surveys of protein complexes and its structures and functions (functional proteomics) (for reviews see also [4Á6] ).
The completion and publication of the genome of Aspergilus fumigatus [7] now makes it feasible to study the biology and pathogenicity of this filamentous fungus on a global scale. The virulence of A. fumigatus is a multifactorial, complex process that requires the expression of many genes and the biosynthesis of many proteins at different stages of the infection process [8, 9] . For this reason, omics-techniques such as proteomics are the method of choice to gain a better understanding of the intricate interaction between pathogen and host. Besides this, proteomics is also instrumental for the discovery of biomarkers for fungal infections, e.g., aspergillosis [10, 11] .
Compared with the extensive study of the yeast proteome, little information is available from A. fumigatus and other pathogenic Aspergilli (reviewed in [12Á15] ). This is rather surprising, since A. fumigatus has become the most important airborne fungal pathogen and is the second most frequent cause of systemic fungal infections [16] .
Proteomics studies of the biology and pathogenicity of A. fumigatus About half a dozen proteomic studies of A. fumigatus have already been published. Recently, Kniemeyer et al. [17] addressed the challenge of sample preparation for proteomics from mycelium of filamentous fungi such as A. fumigatus. Filamentous fungi have strong cell walls, produce pigments and often contain lipid droplets. Polysaccharides, lipids and pigments can interfere with the isoelectric focusing process and hence should preferably be removed before protein separation. Several protein precipitation methods for the generation of protein extracts of A. fumigatus were compared. A TCA/acetone precipitation or the application of a commercial kit based on TCA precipitation resulted in the best separation of proteins in 2D-gels. The number of protein spots was further increased by the application of a combination of the zwitterionic detergents 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) with the sulfobetaine detergent Zwittergent 3Á10. To evaluate the protocol, fungi were grown either on glucose or ethanol and differentially expressed proteins were compared. During growth on the C2-compound ethanol, enzymes of the glyoxylate cycle, proteins involved in gluconeogenesis and ethanol-oxidizing enzymes were significantly up-regulated [17] . Carberry et al. [18] also used TCAprecipitation for sample preparation and identified 50 distinct intracellular proteins. Many of them represented high-abundant proteins, such as enzymes involved in primary metabolism or heat shock proteins, showing clearly that low-abundant proteins are not often detected in complex protein samples. Several strategies can be applied to enrich the proteins of interest. Carberry et al. [18] analyzed a sub-proteome of A. fumigatus in the same study. The authors enriched glutathione-binding proteins by affinity chromatography, which were subsequently separated by 2D-PAGE. This led to the identification of the elongation factor proteins eEF1Bg, ElfA and ElfB as glutathione-binding proteins. The purified ElfA showed a glutathione transferase activity. Due to their similarity to other GST-like proteins, the authors speculated about a putative function of ElfA and ElfB in controlling translation in response to stress in A. fumigatus.
One of the first reports on A. fumigatus proteomics focused on cell wall-related proteins [19] . Since the fungal cell wall is the outermost cellular structure, it is the first cellular component in contact with the host. For this reason, proteomic studies addressing the cell wall proteome are of uttermost importance. Bruneau et al. [19] identified several glycosylphosphatidyl-inositol (GPI)-anchored proteins by a proteomic approach. A membrane fraction was treated with the detergent b-n-octylglucopyranoside and GPI-anchored proteins were released by the activity of an endogenous GPIphospholipase. Solubilized proteins were purified by liquid chromatography and subsequently separated by 2D-PAGE. Nine GPI-anchored proteins were identified by MALDI-TOF or ESI-MS/MS. Five of them showed high sequence similarities to putatively GPI-anchored yeast proteins and the authors concluded that the identified proteins are involved in A. fumigatus cell wall organization. Recently, Asif et al. [20] used conidia, but not mycelium for the characterization of the conidial cell-surface proteome. Surface proteins were extracted by incubation of A. fumigatus conidia with ß-1,3-glucanase. After TCA precipitation, the extracted conidial surface proteins were separated by 2D-PAGE. Overall, 26 different conidial proteins were identified including 12 proteins with a signal peptide for secretion. Besides hypothetical proteins, aspartic endopeptidase, surface protein rodlet A, an extracellular lipase, a putative disulphide isomerase and the allergen Aspf3 were identified.
Functional proteomic studies of A. fumigatus mainly focus on the exploration of pathogenicity mechanisms or the identification of new antifungal drug targets. Nevertheless, A. fumigatus is a saprophyte and produces a diverse set of extracellular enzymes with biotechnological relevance. Kim et al. [21] developed a proteomics strategy to discover b-glucosidases present as extracellular enzymes in A. fumigatus. The secreted proteins were separated by 2D-PAGE and proteins with b-glucosidase activity were subsequently detected by activity staining using a fluorescent substrate analogue.
Proteome profiling of the oxidative stress response of A. fumigatus to hydrogen peroxide During the infection process A. fumigatus has to cope with dramatic changes in environmental conditions. Since A. fumigatus is the most prevalent airborne fungal pathogen the question arose: Does A. fumigatus possess superior adaptation strategies in comparison to other filamentous fungi? Therefore, the analysis of the proteomes of A. fumigatus under different stress conditions will likely contribute to the understanding of the virulence of A. fumigatus. The response to oxidative stress is one of such conditions, as immune effector cells are strongly suggested to kill fungal pathogens by the secretion of reactive oxygen intermediates (ROI). Macrophages, the first line of defense in the lungs, were shown to kill conidia of A. fumigatus by producing ROI [22] . In addition, polymorphonuclear leukocytes (PMNs) are actively recruited and form aggregates with oxidizing activity, which prevent conidial germination [23] . Germinating conidia and hyphae are attacked by neutrophils. They secrete ROI, hypochlorous acid and degranulate to kill A. fumigatus mycelium [24, 25] . To investigate and characterize the role of the fungal defense system against ROI [26] , Lessing et al. [27] analyzed the proteomes of A. fumigatus wild-type strain grown without oxidative stress and in the presence of hydrogen peroxide.
Proteins required for antioxidant defense, heat shock proteins, proteins of the protein translation apparatus, proteins of the central metabolic pathways (glycolysis, TCA cycle, pentose phosphate cycle), proteins of the trehalose metabolism as well as of the cytoskeleton were affected. Furthermore, this study showed that the thioredoxin system is of major importance for redox regulation in A. fumigatus: the thioredoxin peroxidase AspF3 as well as a mitochondrial peroxiredoxin showed the highest up-regulation after the addition of hydrogen peroxide. Since several of the identified proteins and their corresponding genes were apparently regulated by a putative Saccharomyces cerevisiae Yap1p homolog, the corresponding gene in A. fumigatus was identified and designated Afyap1. Afyap1 was further characterized by gene deletion. The Afyap1 deletion strain was more sensitive to menadione, other superoxide generating agents and hydrogen peroxide.
To elucidate possible targets of the transcription factor Afyap1, the proteome of the DAfyap1 strain was characterized and compared with the wild-type after incubation with 2 mM hydrogen peroxide. About 20 proteins were directly or indirectly controlled by the Yap1p homolog Afyap1. The corresponding genes of some of the identified proteins contained putative Yap1 binding sites in their promoter region. Among these proteins were the thioredoxin peroxidase AspF3, a mitochondrial peroxiredoxin Prx1, cytochrome c peroxidase Ccp1, catalase Cat2, a transketolase TktA, HSP 70 and a protein with unknown function designated SG/09910. The corresponding genes of these proteins are apparently targets of AfYap1 (see Fig. 1 ). Together with other data, Lessing et al. [27] provided evidence that the transcriptional regulator AfYap1 represents one of the major regulators of A. fumigatus for defense against superoxide and peroxide radicals. However, the DAfyap1 strain did not show attenuated virulence in a neutropenic murine model of invasive aspergillosis. In addition, there was no difference in the survival rate of A. fumigatus wild type and the DAfyap1 mutant strain during co-incubation with Fig. 1 Protein spots of the Aspergillus fumigatus wild-type strain and theDAfyap1 strain after challenge with 2 mM hydrogen peroxide. All protein spots shown in the DAfyap1 mutant strain are decreased compared with the wild type (see Lessing et al., 2007[27] ). human polymorphonuclear neutrophils (PMN). Consistently, the addition of the ROI scavenger glutathione or of an NADPH-oxidase inhibitor did not affect the killing rate. Therefore, the results of Lessing et al. [27] support the model that ROI do not play a major role in the killing of A. fumigatus in the host. Hence, the mechanism for how the innate immune system kills and digests spores and germlings of A. fumigatus needs to be further elucidated with the focus on non-ROI mediated killing.
Proteomics for the diagnosis of aspergillosis
The clinical signs of Aspergillus infections are rather unspecific. For this reason, diagnosis is usually based on several techniques such as tissue examination, radiological imaging, microbial cultivation as well as serological and molecular tests [28, 29] . The applicable tools are far from being reliable. Very often results are ambiguous. A better and more reliable diagnosis is needed. Prerequisite for a better diagnosis and therefore the management of fungal infections is the knowledge of fungal antigens, which are detected in the serum of patients. A technique often applied to study the antibody response to fungal proteins is the combination of 2D-PAGE with immunoblotting. In one of the first studies using this method, De Repentigny et al. [30] used a rabbit model to study the serologic response to A. fumigatus antigens. Fungal glycoproteins were enriched by affinity-chromatography. The obtained fractions were further separated by 1D-or 2D-PAGE. After the transfer of the proteins on a blotting membrane three antigens (41, 54 and 71 kDa), which stemmed from one single protein, were detected by using serum from immunized rabbits. Later, Ló pezMedrano et al. [31] found four main antigenic bands in Aspergilloma patients designated p90, p60, p40 and p37. They derived from the cytosolic fraction of A. fumigatus mycelium. Shen et al. [32] identified a vacuolar serine proteinase as a major allergen of A. fumigatus and Lai et al. [33] discovered that the enzyme enolase represents an A. fumigatus allergen. Immunoproteomics combined with mass spectrometric analysis was also used in a recent survey to characterize antibody-inducing allergens. Three new allergenic proteins in serum from allergic bronchopulmonary aspergillosis (ABPA) patients [34] were found. Up to now, 20 allergens of A. fumigatus have been recognized [35Á37] and their potential as diagnostic markers for diseases in the immunocompetent host like patients with allergic bronchopulmonary aspergillosis, with Aspergillusderived asthma and with pulmonary aspergillosis has recently been evaluated [38] . However, in the immunocompromised patients with invasive aspergillosis (IA) serodiagnosis is usually based on the detection of circulating antigens, such as galactomannan and b-1,3 glucans [39, 40] . The relevance of antibody testing in this group of patients was not regarded as useful, since they are usually neutropenic and antigen presentation is impaired (reviewed in [28] ). However, several fungal antigens were detected in patients with IA or aspergilloma, such as chitosanase, Cu/Zn superoxide dismutase, ribonuclease (mitogillin), catalase and dipeptidyl peptidase [41Á44]. Furthermore, interest in the exploration of anti-Aspergillus antibodies has renewed: (i) invasive aspergillosis also occurs in patients with unclear immunosuppression [45] ; (ii) the detection of anti-Aspergillus antibodies can be used as prognostic marker [29, 44] and (iii) some A. fumigatus antigens could also be valuable candidates for vaccine development [46, 47] . Hence, the question arises: Which strategy should be pursued to detect new fungal antigens? Until now, research was focused on Aspergillus extracellular or cytosolic proteins for screening of Aspergillus antigens, whereas conidial and surface proteins were neglected. Thus, the separation of cell wall-associated proteins by 2D-PAGE and subsequent detection of antigens with serum of patients with proven aspergillosis appears to be a promising approach. Such an immunoproteomics study has already led to the identification of new antigens in C. albicans [48] .
Besides the classical 2D-PAGE technique, several groups have started to employ MS-techniques. Surfaceenhanced laser desorption/ionization time-of-flight mass spectrometry (SELDI-TOF-MS) is one of the most important proteomic technologies for the highthroughput analysis of complex protein samples [49, 50] . Because it is likely that the rate of clinical studies will increase in future [51] , this opens up the possibility to analyze the generated samples by proteomic technologies. The available SELDI-protein chips have a capture surface to which a certain fraction of peptides bind through hydrophobic, ionic-or other kinds of chemical or biochemical interactions (for schematic view see Fig. 2 ). Peptide patterns of samples from patients are then compared with a healthy control group to identify disease biomarkers. This technique has just started to be applied to the diagnosis of fungal infections, but the number of studies will certainly increase in the near future. A novel approach is the capturing of a certain antigen by an immobilized antibody and the subsequent analysis of the antigenantibody complex by SELDI-TOF mass spectrometry [52] .
Another interesting tool for diagnosis is represented by protein microarrays, which allow us to quantitate multiple proteins simultaneously. They provide a practical means to characterize patterns of several hundred specific proteins or antibodies [53] . Immobilized antibodies may capture several corresponding antigens in parallel and can therefore increase the reliability of an antigen assay. Nowadays, some antibody/antigen pairs allow the detection of the ligand at an absolute concentration below 1 ng/ml. For this reason, protein microarrays have a great potential in diagnosis [54] . For bacteria, protein microarrays for the identification of novel diagnostic markers have already been established [55] . Since this area is progressing rapidly, the contribution of protein arrays to the diagnosis of fungal infections is likely to increase.
Outlook
The proteome of Saccharomcyes cerevisiae has been studied extensively. Many new proteomic technologies were tested, improved and evaluated by using yeast protein samples. The application of such methods to the human-pathogenic fungus A. fumigatus has enormous potential. The development of new techniques in the field of proteomics and other '-omics' technologies (transcriptomics, metabolomics) will accelerate the accumulation of knowledge about the biology and pathogenicity of A. fumigatus in the future. As proteomic studies result in large amounts of data, there is also the need to handle these data efficiently by means of good statistical tools, easy-to use, but reliable computer algorithms and integrative approaches. Fig. 2 Principle of the SELDI-TOF (Surface-enhanced laser desorption ionizationtime of flight) analysis for the discovery of diagnostic markers (adapted from K. K. Jain). The SELDI method is based on the interaction of an applied protein mixture with the chromatographic array surface of the protein chip. According to their biochemical properties only a certain fraction of the applied protein species binds to the surface, whereas other proteins are washed off. Bound proteins are cocrystallized with a laser-light absorbing matrix, ionized by a laser beam, and then accelerated in an electric field. Mass-to-charge ratios (m/z) of the ionized proteins are detected by Time-ofFlight mass spectrometry (TOF-MS). Screening for potential biomarker peptides are carried out by comparison of mass spectra obtained from serum of infected patients and control groups.
